process the image data and because most human organs and soft tissues have a deformable nature that could lead to image mismatch.
The introduction of dual-modality PET/CT and SPECT/CT systems in the late 1990s, in which PET and SPECT are combined with X-ray CT in a clinical setting, is regarded as a revolutionary advance in modern diagnostic imaging. In these systems, the PET or SPECT images are acquired sequentially with the CT images using a single device and without moving the patient from the bed, eliminating differences in patient positioning and minimizing the misalignments caused by internal organ motion. [12] [13] [14] [15] [16] The anatomical information provided by the CT images enhances the user's confidence in the PET and SPECT findings. Additionally, the attenuation map derived from the X-ray CT for the gamma rays emitted from the radionuclides offers useful ways to correct for the attenuation and scatter artifacts in PET and SPECT with minimal addition to the scan time and the image noise.
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The concept of simultaneous acquisition of PET and MR images was also suggested in the early days of dual-modality systems development, and the development of PET/MR scanners started in the 1990s. 19, 20 However, progress in the development process was relatively slow, and the realization of clinical PET/MR scanners was greatly delayed because of technical difficulties when operating PET and MR scanners in close proximity combined with a lack of industrial interest and concern over the high cost of the combined device. 21 The great success of nuclear medicine imaging modalities when combined with CT has, however, revived interest in the combination of PET and MR scanners. The technical advances made over the long development period to minimize the mutual interference between the PET and MR data acquisition processes have led to combined clinical PET/MR scanners with sequential and simultaneous imaging strategies in recent years. The major advantages of PET/MR include a smaller radiation burden than PET/CT, better soft tissue contrast when using MRI rather than CT, and possible simultaneous acquisition of images.
This article reviews the recent advances in hybrid medical imaging systems. In this review, we focus primarily on the hybrid imaging systems that are currently available for clinical practice and the technologies applied in those systems. In each section, the basic principles, fields of application, and recent advances are reviewed for each hybrid imaging device. It should be noted that most of the technical advances in each of the components of the hybrid imaging systems are also available for the stand-alone nuclear medicine and radiologic imaging systems because the overall performance of each hybrid imaging system is a function of the performance of the individual components. Although the applications of most of the technologies introduced in this article are not limited to musculoskeletal imaging, we emphasize the efforts made to improve the diagnostic performances for musculoskeletal diseases.
Advances in SPECT/CT
Basic Principles, Advantages, and Applications SPECT has several advantages over PET, including greater accessibility, lower cost, and better availability of radiotracers for the investigation of a wider range of biological processes. 22 Technetium 99m ( 99m Tc) is the most widely used radioisotope in SPECT; it has a 6-hour half-life and is simply produced using a molybdenum 99 ( 99 Mo)/ 99m Tc generator. The local production of many SPECT radiotracers is also possible using commercially available kits. Other radioisotopes used in SPECT include gallium 67 ( 67 Ga), indium 111 ( 111 In), iodine 123 ( 123 I), and iodine 131 ( 131 I).
Because these radioisotopes emit gamma rays with different energies, simultaneous data acquisition using dual or multiple radioisotopes is possible in principle. Basic Principles and Design of SPECT Systems
In SPECT imaging, single-, dual-or triple-headed gamma cameras attached to a rotating gantry are used for angular data sampling. The projection data are acquired in either step-and-shoot mode or continuous mode, and they are rearranged into multiple sinograms for tomographic image reconstruction. The gamma cameras (or SPECT detectors) consist of a collimator and a position-sensitive radiation detector. The collimator is made from heavy radiation shielding material and used to reject gamma-ray photons that are not within the desired incidence angle for each angular position of the gamma camera. In general, there is a tradeoff between resolution and sensitivity in the collimator selection process because the collimators used for highresolution imaging yield low sensitivities because of their low geometric efficiency. The radiation detector conventionally used in gamma cameras is the scintillation detector, which indirectly converts radiation into electronic signals.
In the scintillation detector used for SPECT, a large-area continuous NaI(Tl) scintillation crystal is coupled to an array of photomultipliers (PMTs) via a light guide. The visible light photons generated in the scintillation crystal by the gammaray interaction are read by the PMT array arranged in a hexagonal pattern to obtain energy and position information for each gamma-ray interaction.
Advances in Conventional SPECT Detectors
In most modern SPECT detectors based on NaI(Tl) crystals and PMTs, most of the electronics, including the front-end analog circuit and the analog-to-digital (ADC) converters, are mounted directly on the individual PMTs to minimize signal distortion in the long signal readout cables. 24, 25 These digitized detectors enable calculation of the gamma-ray interaction position and energy and the elimination of pulse pileups in the software with more sophisticated algorithms than those used for conventional analog circuit-based approaches. properties of conventional NaI(Tl)-based cameras. 35 Although the application of this innovative semiconductor detector technology is mainly limited to cardiac-dedicated SPECT and SPECT/CT systems because of the cost, the commercial production of general-purpose scanners based on this technology is expected in the near future.
Advances in Filtering and Reconstruction Technologies
One of the most remarkable recent improvements in gamma camera and SPECT software is the widespread application of smoothing filters with variant kernel sizes that are adaptive to the anatomical details of each region. The smoothness of the post-filtered image is determined by the cutoff frequency (in the frequency domain) or the kernel size (in the spatial domain) of the smoothing filter. A lower cutoff frequency or a wider kernel size in the smoothing filter leads to a more blurred post-filtered image. In nuclear medicine, linear space invariant filters, such as Butterworth, Hanning, Wiener, Metz, and Gaussian filters, have conventionally been used because fast generation of the filtered images is made possible by the convolution integration of the images with the fixed filter kernel when the kernel parameters are determined. However, the desired or optimal kernel size for medical images would not be spatially invariant or uniform because the anatomical variation or detail varies depending on both the organ and the location. Therefore, the kernel size of the smoothing filters that are currently used in the "half-time solution" of each vendor is adaptively adjusted for each pixel based on the similarities of the pixel values with those of the surrounding pixels. Filters with wider kernels are applied to areas with a relatively uniform pixel count to fully suppress the noise; filters with narrower kernels are applied to areas with high count variability to preserve the edge information. ►Fig. 3
shows that the quality of a bone scan image acquired in half time and processed with this type of adaptive filter is equivalent to that of a conventional image acquired in standard time.
The incorporation of the collimator-detector response (CDR) in the iterative image reconstruction process is also useful for both noise reduction and improved spatial resolution. A projection image of a point source is used as a measure of blurring and referred to as the CDR in gamma cameras.
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The CDR of a gamma camera is determined by several factors including the distance of the point source from the gamma camera, the shape and geometry of the collimator, the dimensions and properties of the scintillation crystal, and the scintillation light sharing and collection method. The four main components of the CDR are the intrinsic response, the geometric response, the septal penetration, and the septal scatter. [36] [37] [38] The distance dependence of the CDR mainly originates from the geometric response of the collimator, which is determined by the acceptance angle for the incident gamma rays. The rapidly increasing computation speeds and parallel computing capabilities of modern computers allow the popular use of iterative statistical reconstruction methods for SPECT, in which the CDR and other physical factors (i. e., attenuation and scattering) are incorporated to achieve higher image quality. ►Fig. 4 shows that this type of CDR Hybrid Molecular Imaging Systems Lee, Kimmodeling-based iterative reconstruction enhances image quality by improving image sharpness and the ability to detect lesions when compared with conventional filtered back projection (FBP) reconstruction.
39

Trends in SPECT/CT Systems
The use of hybrid SPECT/CT as a diagnostic modality has been gradually increasing since the first commercial SPECT/CT was launched in 1999. Current SPECT/CT scanners typically consist of a dual-head SPECT system combined with a CT system. 25 Two types of CT systems are now used in SPECT/CT. The first type is a low-cost cone-beam CT based on a flat panel Xray detector and a low-power X-ray tube mounted on the same gantry as the SPECT system (e.g., GE Infinia Hawkeye and Philips BrightView XCT systems) (►Fig. 5). The CT rotation speed is slower than that of state-of-the-art multidetector CT (MDCT) systems. Although the morphological detail is not compatible with diagnostic quality MDCT, the images obtained using the cone-beam CT address the needs of the SPECT attenuation correction and anatomical localization processes well. The second type is a fast-rotating MDCT system combined in tandem with the SPECT system (►Fig. 6). These systems (e.g., Siemens Symbia and GE Discovery NM/CT 670 systems) offer diagnostic CT image quality that is especially suitable for oncologic and musculoskeletal studies and has a sufficiently fast scan speed for applications that require intravenous iodine contrast enhancement.
14,23
Improved SPECT Quantification
The quantitative accuracy of SPECT images has been greatly increased by incorporation of CT information in the SPECT reconstruction. 40 In addition to the resolution recovery produced by incorporating the CDR in the image reconstruction process, correction for gamma-ray attenuation is the most important process for accurate quantification of the radioactivity in SPECT. Previous approaches used for attenuation correction in stand-alone SPECT using radioisotope transmission sources (e.g., 153 Gd, 99m Tc, and barium 133 [ 133 Ba]) required long scan times and yielded poor signal-to-noise ratios. 38, 41, 42 In SPECT/CT, converted attenuation maps for SPECT from the Hounsfield units of the high-quality CT images are now routinely used for attenuation correction. ►Fig. 7 shows the improved quantitative accuracy of modern SPECT images that is compatible to the PET. The CT information can also be used for context-specific SPECT reconstruction that enhances the effective image quality of the spatial resolution of the SPECT images. In the new context-specific reconstruction method for bone SPECT/ CT recently introduced by Siemens Healthcare, the CT pixels were divided into five tissue classes ("zones": air and lung, adipose, soft tissue, soft bone, and cortical bone) with smooth boundaries based on their intensities. Zonal images are then forward projected to create zonal data models; the weighted sum of these models is compared with the measured projection data, and the error occurring between them is backprojected to update the reconstructed SPECT image. This procedure is repeated until the stopping criterion is reached. As shown in ►Fig. 8, the boundaries of the different tissue classes are well resolved as delineated in CT, but the resolution inside each class is similar to that of a conventional SPECT image. 43 
Advances in PET/CT Basic Principles, Advantages, and Applications
The nuclei of the radioisotopes used in PET have relatively small numbers of neutrons in comparison with those of stable isotopes. Thus one of the protons inside the radioisotope is converted into a neutron while releasing a positron, which is the antiparticle of an electron with the opposite charge. The mutual annihilation of this positron and an electron results in the simultaneous emission of a pair of annihilation (gammaray) photons with identical energies (511 keV) but in opposite directions. The radioisotope most widely used in PET is fluorine 18 ( 18 F), which has a $ 110-minute half-life and is produced using a cyclotron. Because of the relatively long half-life of 18 68 Ga, and 124 I.
The improved spatial resolution, fast whole-body imaging capability, and anatomical CT information of modern PET/CT scanners contribute to the improved diagnostic performance of PET/CT examinations for various musculoskeletal disorders (►Fig. 9). In particular, the misinterpretation of benign lesions with increased 18 F-FDG uptake as malignant processes can be reduced by evaluation of the bone on the CT portion of the musculoskeletal PET/CT examination. 44 There is therefore increasing evidence in the literature to support the incremental benefits of using PET/CT in the diagnosis of musculoskeletal malignancies along with conventional anatomical imaging modalities. Tc and the increased availability of PET and hybrid imaging systems are provoking greater interest in the role of 18 F-fluoride in clinical bone imaging applications.
PET Scintillation Crystals
Scintillation detectors are also used in PET scanners to measure the gamma-ray photons. However, no mechanical collimator is required in PET, in contrast to the gamma cameras, because coincidence detection of the gamma-ray pairs flying in 180-degree opposite directions provides the location of their origin along a line (the so-called line of response [LOR] ) between the two PET detectors. Thus PET scanners with multiple scintillation detector rings have higher sensitivity than gamma cameras, in which most of the gamma rays are absorbed by the collimator. Because 
Time-of-Flight PET
Another important trend in clinical PET hardware systems is the improvement in the detectors and associated electronics technologies that are used to measure the time-of-flight (TOF).
18,25 TOF measurements in PET (i.e., measurement of the arrival time difference between two annihilation photons) allow us to restrict the annihilation position probability to a small segment of interest during the back-projection procedure in image reconstruction. Therefore, we can use this TOF information to reduce the noise generated during image reconstruction, as shown in ►Fig. 12. The reduction in background noise provided by the TOF information allows better lesion detectability, as shown in ►Fig. 13, in which the non-TOF PET and TOF PET images were compared. 52 The benefit of the TOF information is even more remarkable in low-statistics images, indicating that this technique is useful for reducing the PET scan time or even the radiopharmaceutical injection dose. Further improvements in image quality Considering the morphology and the degree of FDG uptake, the mass was judged to be a benign osteochondroma without sarcomatous change, and the biopsy result concurred with the conclusion from the imaging finding. can be achieved because of the better timing resolution of the PET scanners. In ►Fig. 14, the images in the middle columns are taken from the current generation of PET scanners with 600 ps coincidence timing resolution; the image on the right is from a potential next-generation scanner with 300 ps timing resolution. Faster contrast recovery for small lesions is another benefit offered by the TOF PET with its higher timing.
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Resolution Modeling in PET
Incorporation of resolution degradation factors within the system matrix (whose elements model the relationship between the object and the projection space) used for iterative reconstruction also contributes to the improvement in PET image quality. 18, 53 These resolution degradation factors include the positron range, the annihilation photon acollinearity, and the intrinsic detector resolution. Spatially variant resolution modeling results in increased computational complexity but provides optimal reconstruction results by taking the nonuniform resolution of the PET scanner in both radial and axial locations into account. This resolution modeling in PET provides improved image reconstruction in terms of both spatial resolution and image contrast. 54 The combination of resolution modeling and the TOF information in the image reconstruction process provides higher image quality and better lesion detectability than that provided by the singular use of these technologies (►Fig. 15). 53,55-57 It should be noted, however, that resolution modeling can lead to notable edge artifacts. One practical solution for reduction of these artifacts, which are also known as Gibbs artifacts, is the use of a kernel width that is smaller than the measured (or true) point spread function. 58 However, these artifacts and the associated variability in the PET counts of small structures are not yet regarded as problems that have been fully resolved.
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CT Dose Reduction Techniques
Because of the popular use of hybrid medical imaging systems based on X-ray CT, we should also retain an interest in dose reduction techniques for CT. According to the NCRP report no. Recently, therefore, radiation dose reduction issues have been a topic of discussion for many conferences and communities. Despite the fact that the radiation dose from CT is too small to cause a deterministic effect on the human body, a linear-no-threshold model where the smallest dose is assumed to have the potential to cause a slightly increased cancer risk is usually acceptable.
Radiation dose reduction techniques for CT can generally be categorized into three areas: the hardware system, the reconstruction techniques, and dose control. The radiation dose can be reduced by using better hardware systems. Improved image quality can be achieved through high detection efficiencies and low noise levels. The effectiveness of the detector is determined by both its quantum detection efficiency and its geometrical efficiency. For high quantum detection efficiency, a detector with a rapid response and a short dead time is desirable for the collection of higher numbers of X-ray events. 2 The quantum noise depends on the number of detected events; therefore, a detector with high efficiency can reduce the noise level. Electrical noise, which is caused by fluctuations in the electronic components of the system, is another source of noise, and it should be controlled appropriately. An X-ray beam-sharpening filter offers an important solution for reduction of patient exposure in CT systems. The beam-sharpening filter moderates the Xray beam to be hard enough to efficiently penetrate the patient while suppressing low-energy X-rays. Reconstruction techniques are also important tools for reduction of patient radiation exposure. Iterative reconstruction has been widely used in the nuclear medicine field, such as in PET and SPECT systems. Only the FBP was conventionally used for CT because of the heavy computational burden of iterative reconstruction. However, advances in parallel computing have made it possible to apply statistical iterative reconstruction methods to X-ray CT. Compared with conventional FBP CT reconstruction algorithms, iterative reconstruction offers numerous advantages. The use of iterative reconstruction means that lower noise, higher spatial resolution, and reduced image artifacts (e.g., beam hardening and metal artifacts) can be achieved. 3 The system geometry can also be considered for more accurate physical modeling. These properties have the potential to reduce patient dose exposure by reducing the tube current or the CT scan time.
Iterative reconstruction can be also incorporated with incomplete data sampling. Compressed sensing was recently introduced as a new reconstruction method for tomographic images, and this method allows accurate image reconstruction from incomplete data sets. 60,61 By using compressed sensing, a reduction of the number of projections is allowed without degradation of the image quality. The major obstacle to iterative reconstruction in CT systems was the heavy computational load; however, computing hardware and software have both improved greatly and the reconstruction time has been significantly shortened. [62] [63] [64] [65] As shown in ►Fig. 16, the noise reduction provided by iterative reconstruction of CT images is substantial. These CT images show that we can obtain the same image quality with lower tube currents by applying the iterative reconstruction technique. ►Fig. 17 shows another example of possible CT dose reduction by the use of iterative reconstruction. The radiation dose exposure can be also reduced by dose control. Photon attenuation is exponentially proportional to an object's thickness; therefore, lower tube currents are sometimes sufficient for lightweight or lean patients. An advanced exposure control method called automatic exposure control (AEC) was also introduced to reduce patient exposure levels. 3, 66 Using AEC, the tube current (i.e., the strength of the X-ray beam) can be automatically modulated as a function of the projection angle (angular modulation) and the longitudinal location of the patient's body (z-modulation) using the attenuation information (►Fig. 18). Angular modulation is required here because the patient's body shape is not a complete circle. The X-ray exposure level is automatically modulated by the angle based on the direction of the X-ray relative to the patient. For low attenuation areas such as lungs, the tube current is automatically reduced without loss of image quality (zmodulation). The AEC technique is now widely available from the major equipment manufacturers under various trade names.
PET/MR: Newly Emerging Technology
Technical Challenges in PET/MR Systems
As described earlier, in PET scanners, scintillation detectors are used to measure the gamma rays emitted from the radiopharmaceuticals and consist of arrays of inorganic scintillation crystals and photosensors. Visible or ultraviolet (UV) photons are emitted when the gamma rays are detected by the scintillation crystal and are then measured by the photosensors. The photosensor commonly used in conventional PET (i.e., stand-alone PET or PET/CT) is the photomultiplier tube (PMT), which converts the photons into an electric current that is subsequently amplified by the cascade process of secondary emission. Although PMTs have high signal amplification gain (10 6 -10 7 ) and excellent timing properties, they are highly sensitive to both static and time-varying magnetic fields, which is a major concern in the combination of PET with MRI (►Fig. 19). 67, 68 The bulky size of PMTs is another reason why the placement of PMT-based PET detectors inside an MR magnet is impractical.
Sequential PET/MR System
A practical solution for combination of a conventional PMTbased PET system with an MR scanner is to transfer patients between two separate machines using a common bed. This approach was adopted in the whole-body PET/MR system produced by Philips Medical Systems (Ingenuity TF PET/MR). In this system, a PMT-based TOF PET is combined with a 3.0-T MRI with a common bed and a common computer console similar to that of a PET/CT (►Fig. 21).
69 Active shielding of the magnetic field from the 3.0-T magnet and additional passive shielding materials around the individual PMTs and the PET gantry allow the two machines to operate in a single room with a distance of $ 2.5 m between the gantry surfaces. The fronts of the two gantries face each other, and the table is rotated through 180 degrees during the transfer process. This design allows the two systems to be operated under optimal operating conditions with minimal electromagnetic interference. The performance of the PET subsystem was comparable with that of the vendor's stand-alone PET (GEMINI TF PET/CT) when they were compared using both phantom and patient data. 69 The PET subsystem is composed of 28 flat detector modules of 23 Â 44 arrays of 4 mm Â 4 mm Â 22 mm LYSO crystals and has a detector ring diameter of 90.3 cm and an axial field of view (FOV) of 18 cm. 70 A National Electrical Manufacturers Association (NEMA) performance measurement study showed that the transverse and axial resolution near the center was 4.7 mm and the timing and energy resolutions were measured to be 525 ps and 12%, respectively. The absolute sensitivity of the PET scanner was 0.7% (see Zaidi et al 69 for full details of the system specifications and performance). One shortcoming of this design is that the PET and MR data must be acquired sequentially rather than simultaneously. 17 Longer acquisition times because of the sequential acquisition process are the main limitation of this system.
Simultaneous PET/MR System
Simultaneous PET and MR data acquisition using a fully integrated system has several advantages in addition to the shorter scan time when compared with the sequential system. These advantages include the following:
-Temporal correlation of the PET and MR imaging data sets -Improved spatial correlation because of reduced motion artifacts -Possible motion correction of the PET data using the MR imaging information Therefore, several different approaches have been tried to achieve simultaneous PET and MR data acquisition with minimal mutual interference between the PET and MR data. Among these approaches, the feasibility of the use of an avalanche photodiode (APD) rather than a PMT in the PET detector has been demonstrated in prototype preclinical and clinical scanners, [71] [72] [73] and a commercial system based on this approach is now available (Biograph mMR from Siemens Healthcare; ►Fig. 22). The APD is a semiconductor photosensor that also provides electrical signal amplification through the cascade generation of electron-hole pairs. The APD output signal is only minimally affected by the magnetic field. Another merit of the APD lies in its compact size that allows the integration of the APD-based PET detector with the MR coils. In the Biograph mMR scanner, the APD PET detectors are inserted between the body radiofrequency coil and the gradient coils for simultaneous isocentric data acquisition. The PET system is composed of eight rings of 56 detector blocks that consist of an 8 Â 8 array of 4 mm Â 4 mm Â 20 mm LSO crystals coupled to a 3 Â 3 APD array. The system has a transaxial FOV of 59.4 cm and an axial FOV of 25.8 cm.
The reduced ring diameter and the longer axial FOV yield a high system sensitivity of 1.5% at the center of the PET scanner with an energy window of 430 to 610 keV and a coincidence timing window of 5.86 nanoseconds. 74 This wide coincidence timing window, which causes increased random counts, is used in this scanner because of the poor timing resolution of the APD PET detectors (2.93 nanoseconds), which also disables the TOF measurements (see Ref. 74 for full details of the system specifications and performance). ►Fig. 23 shows the reconstructed PET images of a body phantom acquired using the Biograph mMR scanner without and with MR image acquisition, demonstrating no artifacts due to the simultaneous data acquisition.
Next-Generation PET/MR Systems
The silicon photomultiplier (SiPM) is regarded as an alternative to APD photosensors for the next generation of PET/MR scanners because the SiPM has much higher internal gain ($ 10 6 ) and faster timing properties than the APD.
75,76 The
SiPM is composed of an array of APD cells operating in Geiger mode; each cell, when struck by a photon, generates an avalanche of electrons. The SiPM is also compact and insensitive to magnetic fields, similar to conventional APDs.
75,77
The feasibility of SiPM-based PET detectors and systems has been demonstrated by several groups for applications including small animal imaging, 78, 79 
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Attenuation Correction: Unsolved Issue in PET/MR
As described earlier, PET scanners detect annihilation photons (gamma rays) emitted from positron-electron interactions. These gamma rays then interact with matter as they pass through the body. The interaction of the photons with matter through photoelectric absorption and Compton scattering processes result in photon attenuation. For accurate quantification of the radiopharmaceutical density (kBq/ml or μCi/cc), the photon attenuation should therefore be corrected appropriately. ►Fig. 27 shows the effects of photon attenuation in emission PET images. The radiopharmaceutical density is severely underestimated at the center of the object (or the patient) in the PET image without the appropriate attenuation correction. Inaccurate attenuation correction leads to quantification errors and/or the misinterpretation of lesions. Therefore, attenuation correction is a mandatory process in emission PET scans. In PET/CT systems, the attenuation correction process is performed by use of the CT images. Because the X-ray photon attenuation is mainly determined by the electron density of the material, the CT pixel value that is usually presented as the Hounsfield unit reflects the photon attenuation properties. The relationship between the CT Hounsfield unit and the attenuation coefficient for 511-keV gamma-ray photons has been investigated by several research groups. [84] [85] [86] The bilinear transformation shown in ►Fig. 28 is currently used as a simple solution to obtain the attenuation coefficient map of a 511-keV gamma ray from the Hounsfield unit in the CT image. Attenuation correction factors for each LOR are then generated based on the line integral of the attenuation coefficient map along the LOR. In PET/MR systems, CT images are not available. The MR images reflect the proton densities or the relaxation properties; therefore, the MR intensity itself is not proportional to the photon attenuation power. 87 In CT images, pixels with high intensity can be matched with highly attenuating materials, but this relationship cannot be applied in MR images.
For example, in MRI, the bone structures in the body with the highest densities usually show low pixel values and cannot be distinguished from the air. Several approaches have been suggested for PET attenuation correction in PET/MR systems; these methods can be categorized into template-guided and segmentation-based attenuation correction approaches. The template-guided attenuation correction method uses the template images of the attenuation map and a spatial normalization algorithm to transform the template into an individual attenuation map. [88] [89] [90] However, the use of the relatively robust template-guided attenuation correction is possible only for the brain because current spatial normalization methods cannot fully accommodate the wide interindividual anatomical variability of whole-body images. The segmentation-based attenuation correction method segments and categorizes tissue groups on the basis of their MR intensities. 91, 92 Representative attenuation coefficient values are assigned to each segmented tissue group. In current commercial PET/MR systems, a two-point Dixon MRI sequence is used for the segmentation-based attenuation correction process in which an attenuation map comprising four segments (water-equivalent tissue, fat, lung, and air in the body) is provided (►Fig. 29). 92 However, bone segmentation in whole-body images has not been successful because it is difficult to distinguish between the bone and air intensities in MR images that were acquired using standard MR sequences.
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The relaxation time of protons in bone structures is too short to measure the signal intensities, and as a result, bone and air show similar intensity levels. An approach for measurement of the early bone signals using the ultrashort echo time (UTE) MR sequences before they rapidly disappear is used for bone segmentation in PET/ MR (►Fig. 30). [94] [95] [96] However, the boundary regions between soft tissues and air are sometimes misinterpreted as bone structures, which leads to large errors in the reconstructed PET images. 96 Consequently, the UTE sequence is limited to use for segmentation of the bone structures in the head, which is a relatively simple structure. The effects of the attenuation correction of PET images without bone segmentation in whole-body images were evaluated by several groups. 97, 98 These studies all showed that PET attenuation correction without consideration of the bone attenuation resulted in highly inaccurate PET quantification in both bones and the surrounding tissues (14. 
Conclusion
Modern hybrid medical imaging systems and recent advances in the hardware and software techniques used in those systems were reviewed briefly in this article. Advanced detection materials, detection electronics, and processing and reconstruction algorithms offer hybrid imaging systems with rapid scan times and low patient radiation exposure. Complementary anatomical, functional, and molecular information measured in the convenient one-stop examinations provided by the PET/CT and SPECT/CT systems have made these modalities into primary diagnostic tools in many cases. Although the system is in an early stage of adaptation, with some limitations in terms of quantitative accuracy and a continuing debate with regard to its ultimate role, the PET/ MR system is regarded as another major breakthrough in modern biomedical engineering with great potential for widespread use in clinical practice.
